Investigations using selective lesion techniques suggest that the septohippocampal cholinergic system may not be critical for spatial orientation. These studies employ spatial tasks that provide the animal with access to both environmental and self-movement cues; therefore, intact performance may reflect spared spatial orientation or compensatory mechanisms associated with one class of spatial cues. The present study investigated the contribution of the septohippocampal cholinergic system to spatial behavior by examining performance in foraging tasks in which cue availability was manipulated. Thirteen female Long-Evans rats received selective lesions of the medial septum/vertical band with 192 IgG saporin, and 11 received sham surgeries. Rats were trained to forage for hazelnuts in an environment with access to both environmental and self-movement cues (cued condition). Manipulations include altering availability of environmental cues associated with the refuge (uncued probe), removing all visual environmental cues (dark probe), and placing environmental and self-movement cues into conflict (reversal probe). Medial septum lesions disrupted homeward segment topography only under conditions in which self-movement cues were critical for organizing food hoarding behavior (dark and reversal). These results are consistent with medial septum lesions producing a selective impairment in self-movement cue processing and suggest that these rats were able to compensate for deficits in self-movement cue processing when provided access to environmental cues.
Introduction
Studies investigating the role of the septohippocampal system in spatial orientation have reported conflicting results. Those that used nonselective medial septum lesion techniques have consistently observed impaired performance on a variety of spatial tasks [49, 20, 19, 25, 52, 35 ,1, for a review see 15] . In contrast, studies that used 192 IgG-Saporin to target medial septum cholinergic cells have observed impaired and spared performance on similar spatial tasks [6, 4, 34, 7, 28, 47, 29, 8, 23, 16 for a review see 45] . Although selectivity and extent of the lesion technique was a likely factor influencing these mixed results, the inability of the spatial tasks to dissociate specific cue use may have also contributed to the performance observed across studies.
Spatial orientation can be derived from multiple sources of information to guide performance on spatial tasks [18, 51] . One source of information depends on cues present in the environment. Rats can either use a single environmental cue or the relationships among multiple environmental cues to guide navigation [53, 9] . Another source of information can be derived from recently generated self-movement cues (proprioceptive, vestibular, optic flow, efferent copies). These self-movement cues can be used to calculate the current position of the rat relative to the point of origin through dead reckoning [10, 41, 2, 36, 48, 14, 50, 32] . Although the use of multiple sources of information affords rats the ability to maintain spatial orientation under novel or changing environmental conditions, it also presents challenges for examining the neural basis of spatial orientation. For example, lesions that disrupt systems involved in processing self-movement cues may spare systems related to processing environmental cues. This would provide rats with a potential compensatory mechanism that may be used to guide performance on certain spatial tasks.
A recent study has examined the role of the septohippocampal system in the processing of both classes of cues [33] . Rat exploratory trip organization has been shown to depend on the processing of self-movement cues [60, 61, 59] . Electrolytic medial septum lesions disrupted specific components of the exploratory trip, consistent with impaired processing of self-movement cues. The hidden platform version of the water maze task was included to examine the ability of the rats to use environmental cues to guide movements. Although performance improved across training days, the lesions produced a consistent attenuation of learning the location of the hidden platform. The authors concluded that the improved performance reflected a sparing of environmental cue use, whereas the attenuated performance was consistent with previous studies reporting a role for self-movement cue processing in the water maze [67, 63] . One limitation of the Martin et al. study involves the use of a non-selective lesion technique. Damage to non-cholinergic cells may have contributed to the impairments observed on both tasks. A second limitation in the foregoing study reflects the assessment of environmental and self-movement cue use on tasks that varied in a number of dimensions (motivation, motor demands, temporal pacing of trips versus trials). Therefore, the effects of selective cholinergic lesions on spatial orientation remain to be determined.
Rats' natural proclivity to carry food items to a refuge for consumption has been shown to be a robust technique to dissociate the use of environmental and self-movement cues [68, 32] . After searching for a randomly located food item, the rat can either use environmental cues to pilot or self-movement cues to dead reckon to return to the refuge. The current study investigated the effects of injecting the immunotoxin 192 IgG-Saporin into the medial septum on foraging behavior. Subsequent to immunotoxin or sham lesions, rats were trained to carry hazelnuts to a visible refuge. Cue use was examined during a series of probes that manipulated rats' access to environmental cues and placed them in conflict with self-movement cues. Each food hoarding trip was divided into a searching and homeward segment. Maximum speeds observed on each segment were used to evaluate group differences related to bradykinesia or hyperkinesia. Searching segment path circuity was used to investigate group differences in locating the hazelnut, whereas homeward segment path circuity reflected accuracy in returning to the refuge. The results of this investigation will contribute to understanding the role of the septohippocampal cholinergic system in spatial orientation.
Material and methods

Animals
Previous studies using food hoarding behavior to investigate the neural basis of spatial orientation have traditionally used female rats [68, 65, 32, 66, 58] . Building on this work, subjects were 24 female Long-Evans rats bred at Northern Illinois University from stock purchased from Harlan Sprague-Dawley. Although food hoarding proclivity has been observed to vary across the estrous cycle [13] , food hoarding is a ubiquitous behavior of food deprived female rats. Both sham and lesion rats were run in mixed squads thereby minimizing any potential effect of the estrous cycle mediating group differences. At the beginning of the experiment, rats weighed approximately 250 g. Rats were housed in groups of two in plastic cages in the colony room with the temperature maintained at 20-21 • C with a 12 h light/dark cycle. All experimental procedures in this study were approved by the local Institutional Animal Care and Use Committee (IACUC), which follows the standards set by the National Institutes of Health.
Surgery
Rats were deeply anesthetized with a mixture of isoflurane and oxygen during surgery. Rats received either medial septum lesions (MS) or sham surgeries (Sham). Medial septum lesions were produced by microinjections of 192 IgG-Saporin (Lot #: 41-105; Advanced Targeting Systems, San Diego, CA) into the medial septum-diagonal band of Broca. 192 IgG-Saporin (0.50 g/L) was injected at two sites per hemisphere, coordinates relative to bregma and the surface of the dura: AP: +0.30, ML: ±0.20, DV1: −7.5 [0.20 L each site], DV2: −6.5 [0.15 L each site]. These procedures have been previously shown to produce significant decreases in ChAT-immunopositive neurons in the medial septum, decrease AChE fiber staining restricted to the hippocampus, and have no effects on immunoreactivity for parvalbumin-positive neurons in the medial septum [4, 12, 22, 29, 8] . Injections were made at the rate of 0.10 L/min. The cannula was left in place for 3 min to prevent diffusion of 192 IgG-Saporin up the needle tract. Animals receiving sham surgeries were treated identically except the cannula was lowered +2.0 above the most dorsal coordinates (DV −4.5) and no toxin was administered.
Feeding
After rats had recovered, they were maintained at 85% of their ad libitum weight during the course of the experiment. Throughout the experiment, rats searched for randomly located hazelnuts (Duck Soup Co-Op, DeKalb, IL). Rats have been found to reliably carry food items of sufficient size to a refuge [62] . After testing each day, rats were supplementally fed LabDiet Laboratory Rodent Pellets in their plastic cages.
Apparatus
The apparatus was a large circular table (200 cm in diameter) located 75 cm above the floor. The table was located in a large room with many cues, including a door, chair, and posters attached to the walls. An infrared camera was positioned perpendicular to the surface of the table. The testing room was lightproof such that, when all of the lights were turned off, no light was present in the room. The experimenter used infrared goggles to observe the rat during dark testing. Infrared is a wavelength that rats are not able to detect [42] .
Rats were provided with a refuge that was always located at the periphery of the table. The "cued" refuge was a small dark box (20 cm × 29 cm × 22 cm) located on the surface of the table with a circular hole (11.5 cm in diameter) in one of the sides, thereby providing the rat with direct access to the table. The "hidden" refuge was a similar dark box with an open top and small ramp. The hidden refuge was positioned just below the surface of the table such that the rat could use the ramp to climb onto the table.
Procedure
Each rat was randomly assigned a release location at the periphery of the table that remained stable across daily training sessions. Rats were trained to leave the cued refuge and search for a randomly located hazelnut under normal light conditions. After locating the hazelnut, the rat carried it to the refuge for consumption. While the rat was still in the refuge, a second hazelnut was placed on the table. Initially, hazelnuts were placed close to the refuge; however, over days, the distance between the refuge and the hazelnut was gradually increased. This procedure was repeated until the rat was able to successfully retrieve five hazelnuts, four that were at least halfway across the table (used for analyses) and one on the first half of the table (to motivate the rat to search the entire table). The table was rotated and wiped down after each rat's testing session. Daily training continued until the rat retrieved all five hazelnuts for four consecutive days (approximately 10 days of training). On the fourth day, the cued session was videotaped. Subsequently, cued sessions were alternated with probe sessions. Modifications of the apparatus and/or testing room were done prior to transporting the animal to the testing room.
Uncued probe
The apparatus was modified such that the refuge was located below the surface of the table. Rats were given four trials to locate the hazelnut and return to the hidden refuge. Use of a hidden refuge removes proximal visual cues, restricting the rats to using environmental and/or self-movement cues for the uncued probe.
Dark probe
The apparatus was modified such that the refuge was located below the surface of the table and the room lights were turned off. Rats were given four trials to locate the hazelnut and return to the hidden refuge under dark conditions. This probe eliminates all visual cues, thereby restricting the rat to using selfmovement cues.
Reversal probe
The apparatus was modified such that the hidden refuge was located 180 • different from that previously experienced. Rats were given four trials to locate the hazelnut and return to the hidden refuge under standard light conditions. The reversal probe produces a conflict between environmental cues learned during cued training (and uncued probe) and self-movement information generated on the outward segment of a trip.
Analysis of food hoarding behavior
The four trips extending at least halfway across the table were used for analyses. Each trip was converted from analog recording to a digital computer file using the Peak Performance system (Peak Performance Technologies, Inc. Englewood, CO 80112, USA) at a sampling rate of 30 Hz. Rat movements were tracked by selecting one pixel every five frames that corresponded to the midpoint between the animal's forelimbs. The resulting x-and y-coordinates from rats were scaled to real world units and used to calculate moment-to-moment speeds.
Each food hoarding trip was segmented into searching and homeward segments. The searching segment was defined as all movements that displaced the rat from the refuge until locating the hazelnut. The homeward segment was defined as all movements occurring after locating the hazelnut until the rat returned to the refuge. Maximum speed and path circuity values were used to evaluate the kinematic and topographic characteristics of both segments. Maximum speed (m/s) reflected the highest linear speed obtained on a segment. Path circuity, a measure of a segment's directness, was calculated by dividing the shortest distance between start and end points by distance actually traveled for each searching and homeward segment. Relatively direct segments are associated with values of 1.0-0.9. Segments restricted to the periphery of the table are associated with values of 0.7-0.6. As the segment becomes progressively more circuitous, values decrease.
Histology
Subsequent to behavioral testing, animals were deeply anesthetized and perfused with phosphate buffered saline followed by 4% paraformaldehyde in 0.1 M phosphate buffered picric acid. Brains were removed and stored in the same solution for 2 days at 4 • C. Brains were cut into 40 m sections using a vibrotome, and every third section was mounted on chromalum subbed slides. Slides were stained for acetylcholinesterase [24] . Coronal brain sections at the level of the dorsal hippocampus (approximately 3.3 mm posterior to bregma) from each rat were photographed using a digital camera (Penguin 600 CL, Pixera Corporation, USA) attached to a microscope (Olympus BH2-RFCA, Olympus America Inc., USA). Digital photographic files were converted to grey scale and opened with Scion Image for Windows (Scion Corporation, USA; freely available on the Internet at http://www.scioncorp.com). Optical density values were obtained from a rectangular area (100 × 300 pixels) in the hippocampus (including regions CA1, CA3, and DG) and cortex (including somatosensory and motor). Optical density values were expressed as a function of the gray scale value (white: 0.0; black: 255).
Results
Histology
Photographs of acetylcholinesterase stained brain sections ( Simple effect analyses revealed that cortical levels of AChE were similar between groups but that the MS group had a significantly lower optical density value for the hippocampus. Infusion of 192 IgG-saporin into the medial septum produced a decrease in acetylcholinesterase restricted to the hippocampus. Although the current study did not examine ChAT-immunopositive or parvalbumin-positive neurons in the medial septum, previous work has demonstrated that this lesion technique produces significant decreases in the former and no effect on the latter [4, 12, 22, 29, 8] .
Food hoarding behavior
All rats searched for the randomly located hazelnuts and carried them to the refuge for consumption. Although no group differences were observed in searching segment movement characteristics, accuracy of the homeward segment varied between groups as a function of testing condition. 
Cued testing
During cued testing, both groups' searching segments covered large portions of the open field (left-hand panels of Fig. 2) . Upon locating the hazelnut, both groups carried it directly to the refuge (right-hand panels of Fig. 2 ). Kinematic and topographic characteristics of searching segments did not differ between groups. The ANOVA conducted on searching segment maximum speed failed to find significant effects of group These results are consistent with both groups having a spared ability in use of either environmental or self-movement cues to organize food hoarding behavior.
Uncued probe
During the uncued probe, both groups searched for the hazelnut (left-hand panels of Fig. 3 ) and, upon locating it, carried it directly to the hidden refuge (right-hand panels of Homeward segment kinematic and topographic characteristics were also found to be consistent across groups. The ANOVA conducted on homeward segment maximum speed failed to find significant effects of group [F ( These results are consistent with both groups having a spared ability to use either environmental cues not associated with the home base or self-movement cues to organize food hoarding behavior.
Dark probe
During the dark probe, both groups traveled along circuitous paths while searching for the hazelnut (see left-hand panels of Fig. 4) . Upon finding the hazelnut, MS rats returned to the hidden refuge along more circuitous paths, relative to sham rats (see right-hand panels of Fig. 4 ). Kinematic and topographic characteristics of searching segments did not differ between groups (see left-hand panels of Fig. 5 ). The ANOVA conducted on search segment maximum speed failed to reveal Although homeward segment kinematics did not vary between groups, differences in homeward segment topography were observed between groups (see right-hand panel of A post hoc comparison of group means revealed that the MS group's homeward segments were significantly more circuitous than the homeward segments observed in the sham group (Tukey LSD; p < .05). Additional post hoc analyses revealed that both groups' first trips were significantly more circuitous than subsequent trips (Tukey LSD; p < .05). These results are consistent with MS lesions impairing rats' use of self-movements to organize food hoarding behavior.
Reversal probe
During the reversal probe, rats were released from a refuge that was 180 • different from that previously experienced. On the first trip, all rats left the novel refuge, searched for the hazelnut, and carried it to the former location of the refuge (see left-hand panel of Fig. 6 ). Upon observing the absence of the refuge, sham rats returned to the novel location of the refuge. In contrast, MS rats perseverated at the former location of the refuge or began a random search. On the second trip, sham rats carried the hazelnut directly to the new refuge location, whereas MS rats would frequently display visits to the former refuge location prior to returning to the new refuge location (see right-hand panels of Fig. 6 ). Kinematic and topographic characteristics of searching segments did not differ between groups (see left-hand panels of Fig. 7) . The ANOVA conducted on searching segment maximum speeds revealed a significant effect of trip [F(3, 66) = 3.274, p = .026], and post hoc analyses revealed that the slowest maximum speeds were observed on the first trip (Tukey LSD; p < . Under reversal conditions, both kinematic and topographic characteristics of homeward segments differed between groups (see right-hand panel of Fig. 7 ). The ANOVA conducted on Post hoc analyses revealed that the MS rats had more circuitous homeward segments relative to sham rats; however, both groups' homeward segments became more direct across trips. These results are consistent with MS lesions sparing the rats' use of environmental cues while impairing the use of selfmovement cues involved in organizing food hoarding behavior.
Discussion
The current study examined the effects of selective cholinergic medial septum lesions on rats' use of environmental and self-movement cues during a food hoarding task. MS and sham groups were initially trained to leave a cued refuge to search for randomly located hazelnuts. Upon finding a hazelnut, both groups carried it directly to the cued refuge. Access to environmental cues was manipulated during a series of probes. Both groups exhibited similar searching segment characteristics during cued training and across all of the probes; however, group differences were observed on homeward segment characteristics during the dark and reversal probes. These results demonstrate that selective cholinergic medial septum lesions differentially influenced the use of environmental and self-movement cues.
Medial septum lesions spare environmental cue use
Multiple lines of evidence within the present study suggest that selective medial septum lesions spared rats' use of environmental cues. First, during cued training, rats had access to environmental cues associated with the refuge and testing room as well as access to self-movement cues. The absence of group differences during this cued training suggests that the MS group was able to use at least one of these cues to accurately return to the refuge location. Second, although environmental cues associated with the refuge were absent under the hidden probe, both environmental cues associated with the testing room and self-movement cues were still available to the rats. Again, the absence of group differences suggests that the MS group was able to use either source of information to guide navigation even with a hidden refuge. Third, the reversal probe placed the environmental cues experienced during cued training and the hidden probe in conflict with self-movement cues. Upon locating the hazelnut during the first trial of the reversal probe, both groups immediately returned to the former location of the refuge. This demonstrates that both groups were using environmental cues to guide navigation. Group differences observed during the remainder of the first trip will be discussed in the next section.
Finally, both groups displayed a significant increase in homeward segment accuracy across trips during the reversal probe. This observation is consistent with a majority of studies reporting that selective medial septum lesions spare matching-to-place performance in the water maze [5, 23, 16] , working memory performance in the radial arm maze [55] , and reward alternation in the T-maze [26] . Therefore, the improved performance during the reversal probe may be related to rats' access to environmental cues, in which both groups encoded the new location of the refuge relative to these cues. All of these results demonstrate that rats with selective medial septum lesions used environmental cues to guide navigation during cued training, hidden probe, and reversal probe.
Medial septum lesions impair self-movement cue processing
Two aspects of performance demonstrated that selective medial septum lesions impaired processing of self-movement cues. First, the dark probe restricted rats to using self-movement cues to guide navigation. Observing that selective medial septum lesions significantly increased homeward segment path circuity during the dark probe is consistent with impaired processing of self-movement cues. In addition, self-movement cues have been posited to contribute to aspects of performance during the reversal probe. Specifically, subsequent to visiting the former refuge location, rats may use self-movement cues to derive the new location of the refuge. Although rats in the sham group carried the hazelnut to the new location of the refuge immediately after visiting the former refuge location, rats in the medial septum group continued to perseverate at the former location of the refuge typically ending in a random search for the new location of the refuge. These results demonstrate that selective medial septum lesions impaired use of self-movement cues.
Interestingly, both groups displayed improvements in homeward segment accuracy across trips during the dark probe. One possible explanation for the improved performance involves a systematic modification of searching path organization across trips. It is easier to derive the direction and distance of the homeward segment if the searching segment is less circuitous. Observing that path circuity did not vary across trips conflicted with this account of improved performance. A second possible explanation for the improved performance reflects rats' use of olfactory cues to guide movements on the homeward segment. Rats may be tracking olfactory cues deposited on the surface of the table or associated with the refuge [57] . Observing that rats do not follow the paths outlined by previous searching segments conflicts with an odor tracking account of improved performance. In addition, navigation via odor tracking is relatively slower than what is observed during dead reckoning based navigation [61] ; therefore, the increase in maximum speeds observed across trips in the current study conflicts with an odor tracking account of improved performance. Another possible explanation suggests a more selective role for the medial septum in dead reckoning based navigation. Previous work has demonstrated that rats organize their exploratory trips into tour and homeward segments [64] . The homeward segment is a noncircuitous path, directed to the refuge, and is associated with consistent temporal pacing of linear speeds. Observing these characteristics independent of environmental cue availability or familiarity is consistent with the rats' ability to use selfmovement cues generated on the tour segment to estimate the direction and distance to the refuge [60, 59] . Cell specific lesions of the hippocampus have been shown to disrupt both components of the homeward segment [61] . Electrolytic medial septum lesions have been shown to disrupt temporal pacing of homeward segment linear speeds, consistent with an impaired ability to derive distance estimates from self-movement cues [33] . In addition, the medial septum lesions significantly increased homeward segment path circuity relative to sham rats; however, both groups had fairly direct homeward path segments (i.e., path circuity values above 0.9). These observations supported at least a moderate sparing of the ability to derive estimates of direction from self-movement cues. Therefore, improved performance observed in the current study may be related to a selective sparing of self-movement cue processing related to estimating direction.
Role of septohippocampal cholinergic system in spatial orientation
Controversy has surrounded the role of the septohippocampal cholinergic system in spatial orientation. Initial studies using electrolytic lesion techniques reported impaired performance in a variety of spatial tasks [49, 20, 19, 25, 52] . This lesion technique damages non-cholinergic cells in the medial septum as well as fibers of passage, thereby limiting the inferences that can be drawn from the observed impairments in performance. The development of 192 IgG-Saporin eliminated both of these problems [69] . Initial studies using this lesion technique resulted in impaired performance in the water maze [27] and radial arm maze [70] ; however, these studies used intracerebroventricular injections of 192 IgG-Saporin, a procedure associated with Purkinje cell loss in the cerebellum [56] . Subsequent studies injecting 192 IgG-Saporin directly into the medial septum have typically failed to result in impaired performance in the water maze [5, 23, 16] or radial arm maze [55] . The decreased effectiveness of more selective lesion techniques to disrupt performance on spatial tasks has challenged the importance of the septohippocampal cholinergic system in spatial orientation.
In general, the assessment of spatial behavioral use in these studies was based on the cognitive map theory of hippocampal function [44] . The cognitive map theory posits that the hippocampus mediates encoding the relationships between environmental cues. Both the observation of place cells in the hippocampus [43, 39, 40] and impaired spatial learning subsequent to hippocampal lesions [37, 38] have supported the cognitive map theory of hippocampal function. However, a series of studies employing detailed behavioral analyses has challenged the cognitive map view of hippocampal function. For example, animals with hippocampal lesions have been shown to use environmental cues to guide performance [67, 63, 31, 17] . In addition, hippocampal lesions have been shown to impair self-movement cue processing [31, 61, 21] . The results of the current study add to a growing literature supporting a role for the septohippocampal system in dead reckoning based navigation.
Loss of cholinergic function in the limbic system has been shown to correlate with the magnitude of cognitive deficits observed in Alzheimer's Disease [46,3, however see 11] . During the progression of Dementia of the Alzheimer's type (DAT), patients frequently engage in wandering behavior or become lost in a familiar setting, such as one's home [30] . Studies investigating the cognitive deficits related to wandering behavior observed in DAT patients have reported specific impairments in processing optic flow information [54] . Optic flow is generated as visual information passes across the retina. Radial optic flow reflects a specific pattern of movement across the retina generated as an organism moves through an environment. This type of self-movement cue can be used to estimate distance traveled. Although patients suffering from DAT have exhibited similar thresholds for detecting horizontal optic flow as age matched controls, they had significantly elevated thresholds for detecting radial optic flow [54] . Therefore, topographic disorientation associated with DAT may depend in part on impaired processing of self-movement cues, such as optic flow. These results parallel the deficits in self-movement cue processing associated with selective hippocampal cholinergic deafferentation observed in the present study.
Conclusions
The current study examined the role of the septohippocampal cholinergic system in spatial orientation. Rats with selective medial septum lesions used environmental cues to guide navigation. When restricted to using self-movement cues, specific impairments in performance were observed. These results demonstrate that rats use multiple sources of information to maintain spatial orientation, and they illustrate the importance of restricting cue availability when investigating the neural basis of spatial orientation.
